Background. During laparotomy, surgeons may experience difficult surgical conditions if the patient's abdominal wall or diaphragm is tense. Deep neuromuscular block (NMB), defined as a post-tetanic-count (PTC) between 0-1, paralyses the abdominal wall muscles and the diaphragm. We hypothesized that deep NMB (PTC 0-1) would improve subjective ratings of surgical conditions during upper laparotomy as compared with standard NMB. Methods. This was a double blinded, randomized study. A total of 128 patients undergoing elective upper laparotomy were randomized to either continuous deep NMB (infusion of rocuronium 2 mg ml
During laparotomy, surgeons may experience muscle tensions in the patient's abdominal wall or diaphragm, causing difficult surgical conditions 1 This issue is particularly pertinent while closing the fascia and placing the intestines into the abdominal cavity. 2 3 Moreover, muscle tensions in the abdominal wall, which create tensions on the suture, may also influence patient outcomes such as wound dehiscence, wound infection and incisional hernia. 4 5 During open abdominal surgery, it is often standard care to administer a neuromuscular blocking drug (NMBD) as a bolus when the surgeon perceives tightness in the abdomen. Usually, such bolus results in a deep level of neuromuscular block (NMB) followed by spontaneous recovery until a new bolus is administered. However, as the diaphragm and the abdominal wall muscles are among the most resistant to NMBDs, 6 7 these have recovered 50-75% from the neuromuscular block 8 9 already at a train-of-four-(TOF) count of 1 measured at the adductor pollicis muscle. Even at a TOF count of 0, the patient is able to cough, and the abdomen may feel tight during surgery. 10 With establishment of deep NMB defined as a post-tetanic-count (PTC) between 0 and 1, all muscles including the abdominal wall muscles and the diaphragm are paralyzed during i.v. or inhalation anaesthesia.
11
In laparoscopy, a recent systematic review reported that use of deep NMB improved surgical conditions. 12 Another recent review came to slightly different conclusions and questioned if deep NMB was better than moderate block 13 and this issue has subsequently been debated. 14 15 During open prostatectomy, NMB defined as TOF 1 improved surgical conditions compared with no neuromuscular block. 1 However, during upper laparotomy with surgery performed in close proximity to the diaphragm, no previous studies have investigated the effect of deep NMB on surgical conditions compared with standard NMB defined as bolus administration. Accordingly, we aimed at investigating if deep NMB improved subjective ratings of surgical conditions during upper laparotomy. We hypothesized that deep NMB with continuous infusion compared with standard NMB by bolus dosing, improved surgical conditions evaluated on a subjective five point rating scale.
Methods

Study population
This randomized patient and surgeon blinded study was approved by the Research Ethics Committee of Copenhagen , glomerular filtration rate<30 ml min À1 or haemodialysis), lactating or pregnant, and an abdominal mesh with a size larger than five times five centimeters.
Patients were block randomized (in blocks of 4) using a computer-generated randomization list with stratification for a BMI below or above 30 and for type of surgery (liver resection or other laparotomy). Patients were assigned to either the DEEP group or to the STANDARD group (Fig. 1) .
Neuromuscular block and interventions
Neuromuscular block was monitored continuously in both groups by an investigator not involved in the care of the patient. Tracheal intubation was performed two min after administration of rocuronium 0.6 mg kg
À1
. In group DEEP, after tracheal intubation patients received rocuronium infusion (2 mg ml À1 )
with a target level of PTC 0-1. Just before skin incision, 1 ml of saline (placebo) was administered. In group STANDARD after tracheal intubation, patients received a saline infusion (placebo) and just before incision, 0.1 mg kg À1 of rocuronium was administered ( Fig. 1) . In case of indication for rapid-sequence induction, the patient received succinylcholine 1 mg kg À1 for tracheal intubation. After tracheal intubation and full recovery from succinylcholine, group DEEP received rocuronium 0.6 mg kg À1 and the STANDARD group received 5 ml of saline (placebo). Surgical conditions were evaluated on a 5-point subjective rating scale (1 extremely poor conditions; 5 optimal conditions, Table 1 ): after placement of retractors, every 30 min (retrospectively from the previous assessment till the present) and after closure of the abdominal wall. Applicability of the 5-point rating scale was tested on five patients before inclusion where surgeons, blinded to whether NMB was applied, practiced the use of the scale two at the time, and disagreements on its use were discussed and reconciled. Additionally, all surgeons received a written instruction of how to use the scale.
In case of need of an anaesthetic intervention (from skin incision through abdominal wall closure) as a result of poor surgical conditions, the first choice was to increase the depth of anaesthesia with propofol or opioids at the discretion of the attending anaesthetist to ensure sufficient depth of anaesthesia and prevent awareness. If there still remained a need for anaesthetic intervention, this was achieved in a standardized manner. In Group STANDARD, a 10 mg bolus of rocuronium was administered if the weight of the patient was between 50-90 kg.
Editor's key points
• Inadequate neuromuscular block during abdominal surgery may affect surgical conditions, particularly during abdominal closure.
• In this study, deep neuromuscular block provided by a bolus and infusion of rocuronium to maintain a post-tetanic count 1 was compared with intermittent boluses of rocuronium.
• Deep neuromuscular block was associated with better operating conditions compared with more conventional degrees of block.
• However surgical conditions for the majority of patients in both groups were rated as good or optimal, and the practice of deep neuromuscular block has some potential drawbacks.
If weight was below 50 kg or above 90 kg, 0.15 mg kg À1 of rocuronium was administered. In Group DEEP, a 1 ml bolus of saline (placebo) was administered. In case of a need for an anaesthetic intervention, this was given the score 1 (Table 1) in the corresponding 30-min time interval. Moreover, surgical conditions were rated five min after the anaesthetic intervention. Closing of the abdominal wall was performed in a standardized manner with continuous suture of both the peritoneum and the fascia in one layer. 17 Skin was closed with clips.
Sugammadex was administered at the end of anaesthesia in accordance with the product information from the European Medicines Agency (Fig. 1) . Neuromuscular monitoring continued until the TOF ratio exceeded 0.90 and the value was stable for at least two min.
Neuromuscular monitoring
Neuromuscular monitoring followed good clinical research practice (GCRP) guidelines for pharmacodynamic neuromuscular studies. 18 The skin was cleaned with alcohol and rubbed with a piece of gauze and small surface electrodes were placed over the right ulnar nerve near the wrist with a distance of Table 1 Surgical rating scale 1. Extremely poor conditions: The surgeon is unable to work as a result of coughing, sudden abdominal contractions or inadequate muscle relaxation. Additional NMBD must be administered or the depth of anaesthesia must be increased. 2. Poor conditions: The surgeon is severely hampered by inadequate muscle relaxation with continuous muscle contractions with the hazard of tissue damage. The surgeon considers asking for administration of NMBD or increased depth of anaesthesia. 3. Acceptable conditions: Increased tonus in the abdominal wall muscles or the diaphragm occurs regularly causing some interference with the surgeon's work. 4. Good conditions: Conditions are not optimal because of minor episodes of increased tonus in the abdominal wall muscles or the diaphragm. 5. Optimal conditions: The surgeon does not experience any episodes of increased tonus in the abdominal wall or the diaphragm.
3-6 cm. Forearm and ulnar fingers were immobilized and the acceleration transducer was placed on the thumb using a Hand AdapterV R (MSD, Ballerup, Denmark). Response to ulnar nerve stimulation was recorded with a TOF-WatchV R SX (MSD, Ballerup, Denmark) every 15 s. When no response to TOF stimulation occurred PTC was measured every three to five min. Data were collected on a computer using the TOF-Watch SX monitor program (version 2.5 INT 2007, Organon, Oss, The Netherlands). Once the patient was unconscious a 50 Hz tetanic stimulus was applied for five s, and after baseline stabilization (<5% variation in at least two min), supramaximal stimulation and calibration was ensured using the calibration function (CAL 2).
Anaesthesia
An epidural catheter was placed preoperatively, and a test dose of 3 ml of lidocaine 20 mg ml À1 with adrenalin was installed. No further medicine was given in the epidural catheter until after closure of the abdominal wall. Anaesthesia was induced with propofol 2 mg kg À1 and remifentanil 1.0 mg kg À1 min
À1
. Anaesthesia was maintained with propofol 0.5 mg kg À1 h À1 and remifentanil 0.25-0.5 mg kg À1 min
, and adjusted according to depth of anaesthesia under guidance of arterial blood pressure and entropy 30-50 (Entropy Sensor, GE Healthcare, Hillerød, Denmark). The protocol allowed change to sevoflurane anaesthesia during surgery if the attending anaesthetist deemed this necessary.
Ventilation was performed with pressure control modus with tidal volume 7 ml kg
. During induction, patients received 100% oxygen. After intubation patients received 50% oxygen, PEEP of 5 cm H 2 O and a respiratory frequency of 10-12 min À1 , aiming at normocapnia (end tidal CO 2 between 4.5-5.5 kPa).
Blinding
Intervention medicine was prepared in the operating room before surgery under double control by a nurse anaesthetist and by the investigator who also performed the randomization. The TOF-Watch and the arm with the neuromuscular equipment were covered and the readings from the TOF-Watch were only seen on the connected computer by the nurse anaesthetist and the investigator. The surgeon and any surgical personnel were blinded to the patients' group allocation.
Outcomes
Primary outcome was the score for the surgical conditions of a patient defined as the average of all scores provided during the surgical procedure. The secondary outcomes were surgical rating score during fascial closure, number of patients with need for intervention (increased depth of anaesthesia or NMB/saline (placebo)) during fascial closure, number of patients with need for intervention (increased depth of anaesthesia or NMB/saline (placebo)) to optimize surgical conditions, frequencies of surgical rating scores of 1 or 2 in each patient, number of patients with need for increasing the initial incision, number of patients with sudden retractions during the procedure (bucking or coughing), operating time, wound dehiscence (up to three weeks after operation), and wound infection, which required surgical drainage (up to three weeks after operation).
To identify adverse events and reactions an investigator contacted the patients between the 7th and 28th postoperative day. The patient's file was screened in the same period. 19 
Statistics
Normally distributed variables were reported by means and standard deviations; variables that are not normally distributed were reported by medians and ranges. Student's t-test was used to compare normally distributed variables and the MannWhitney U-test was used to compare ordinal or continuous variables that were not normally distributed. Likewise, the v 2 test or
Fisher's exact test was used for comparison of frequencies. Analyses were performed using SPSS Statistics version 19 (IBM, Armonk, New York, USA) and risk differences 20 were calculated using the statistical software "R" package "Epi" function "ci.pd" version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria). A P value<0.05 was considered significant. The sample size was based on the overall surgical conditions scores. One single-surgeon study comparing surgical conditions estimated on a 5-point rating scale during laparoscopic prostatectomy and partial nephrectomy reported a significant difference between treatments with a mean rating of 4.0 during moderate NMB (TOF 1-2) and 4.7 during deep NMB (PTC 1-2). 21 In this present study, which embraced a wider array of surgical procedures and surgeons participating, a somewhat higher level of variability was anticipated and somewhat lower differences between treatments. An effect size of half a standard deviation was, nevertheless, considered feasible and of clinical relevance. 22 With a significance level of 0.05 (two-sided), a sample size of 64 patients in each group would provide 80% power.
Results
A total of 269 patients were eligible of which 59 were excluded (six patients with mesh, 42 did not consent, six did not speak Danish, one with allergy to NMBDs, two with monitoring difficulties, and two with impaired kidney function) (Fig. 1) . The remaining 82 patients did not participate because of logistic reasons (an investigator was not available at all days during the week). A total of 128 patients were included in the study (Table 2) . In Group DEEP, the average of surgical ratings were significantly better compared with Group STANDARD; 4.75 (range 3-5) vs 4.00 (range 1-5) (P<0.001), respectively (Table 3) . During fascial closure surgeons gave better ratings of surgical conditions in Group DEEP compared with Group STANDARD (P<0.001) ( Tables  3 and 4) .
Eleven patients (17%) in Group DEEP needed an intervention, either increased depth of anaesthesia or bolus of NMBD to optimize surgical conditions compared with 31 patients (49%) in Group STANDARD (P<0.001), risk difference 32% (95%CI: 16%-46%) ( Table 5 ). During fascial closure no patients needed an intervention to optimize surgical conditions in Group DEEP compared with 11 (17%) patients in Group STANDARD (P<0.001), risk difference 17% (95%CI: 8% -29%) ( Table 5) .
Five different surgeons performed all operations. Surgeon s use of category 1 or 2 ratings of surgical conditions occurred in 11 patients (17%) in Group DEEP compared with 34 patients (54%) in Group STANDARD (P<0.001), risk difference 37% (95%CI: 21% -51%) ( Table 5) .
In one patient in Group STANDARD, there was a need to increase the initial incision. In Group STANDARD the surgeons registered sudden retractions in 11 patients (17%) compared with none in Group DEEP (P<0.001), risk difference 17% (95%CI: 8% -29%) ( Table 5) .
No differences were found in duration of surgery; mean 195 min (SD 111) in Group DEEP compared with mean 191 min (SD 109) in Group STANDARD (P¼0.837). No differences was found in anaesthesia time; mean 276 min (SD 116) in Group DEEP compared with mean 268 min (SD 114) in Group STANDARD (P¼0.68). No differences were found in occurrence of wound dehiscence or wound infection requiring surgical drainage (Table 5) . No difference was found in average ratings of surgical conditions between the five surgeons (P¼0.733).
Sugammadex was administered in all 65 patients (100%) in Group DEEP and in 9 patients (14%) in group STANDARD. No patients were reintubated and all patients had a TOF ratio>0.90 for at least two min before extubation.
Discussion
This study demonstrated that continuous deep NMB during upper abdominal laparotomy resulted in better ratings of surgical conditions compared with a standard NMB regimen. This improvement of ratings was seen both during surgery and at the fascial closure. Also deep NMB prevented sudden muscle retractions during surgery.
It is relevant to mention that this study did not compare a deep NMB with moderate NMB (TOF 1-3) . 18 Instead deep NMB was compared with a pragmatic design reflecting a standardized clinical practice, allowing the anaesthetist to either increase depth of anaesthesia or administer a bolus of NMBD at their discretion. The study applied a deep NMB corresponding to PTC 0-1 as this level in experimental studies has been shown to abolish hiccups (i.e. total NMB of the diaphragm during suctioning of the lungs in patients anaesthetized with either i.v. or inhalation agents).
11
It is possible that our results could be explained by the continuous administration of a NMBD. A continuous administration establishes a somewhat more stable block compared with bolus administration, where the level of NMB fluctuates during surgery. Accordingly, a continuous moderate NMB compared with our standard NMB regimen, could have provided the same results indicating that total block of the abdominal muscles may not be needed if patients are sufficiently anaesthetized. A few previous studies on laparotomy indicate that less than complete NMB of the abdominal muscles can achieve adequate surgical conditions. A study 23 from 1966 reported that 90 to 95% block of EMG transmission obtained excellent surgical conditions along with a study from 1990 24 reporting that a TOF ratio<10% was required during skin incision and abdominal wall closure, whereas the requirement for NMB was minimal during major parts of surgery. Similar results were found in two other studies. 25 26 It is though important to emphasize that these studies had considerable risk of bias as a result of the lack of blinding of surgeons and to their non-randomized designs.
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One previous blinded, randomized study by King 1 investigated the effect of NMB on surgical conditions during open prostatectomy and found that surgeons gave better ratings when NMB was titrated towards TOF count 1 compared with a control Investigating surgical conditions using subjective rating scales as an outcome variable may be challenging as this relies solely on the surgeon s perceptions. Animal studies have examined objective variables as surrogates for surgical conditions such as width of the diastasis and force needed to close the fascia using a dynamometer.
3 Such variables are difficult to use in a human study. Accordingly, one limitation in this study is the use of a surrogate variable relying on the surgeon s perceptions of the muscle tensions in the abdominal cavity. It cannot be precluded that difficulties during surgery such as mobilization of organs or episodes with sudden bleedings may have influenced the ratings of the surgical conditions. We did however, teach the surgeons to solely focus on muscle tensions when assigning ratings. The surgeons were trained in the use of the scale in a number of patients before the beginning of the study 19 but we did not formally validate the five point surgical rating scale. Also, the anaesthetic protocol may have influenced the depth of block of the abdominal muscles as sevoflurane in itself has a neuromuscular blocking effect and a working epidural could have reduced the need for bolus doses of NMBD. Finally, this study investigated the effect of deep NMB in patients undergoing elective laparotomies. Administration of NMBDs to optimize surgical conditions is especially needed in emergency patients with ileus and distended intestines undergoing laparotomy. The effect of deep NMB on surgical conditions may be more pronounced in these types of surgery and future studies need to address this. The strength in this study was the randomized, blinded design with stratification for BMI and type of surgery. This design aimed at preventing confounders such as BMI and type of surgery influencing the surgical ratings. Also, this study had a reasonable external validity; the study involved various surgeons and types of upper laparotomies, meaning that the results are applicable for a variety of upper laparotomies and ratings of surgical conditions relied on more than only one surgeon s perceptions. In addition, we found no difference between the surgeons in their average ratings.
This study did not find any influence on adverse events such as occurrence of wound dehiscence or wound infections. However, the sample size in this study was not designed to capture such events. An important question is if it is relevant to administer deep levels of NMB solely to obtain good ratings from the surgeon? Utilisation of NMB may be associated with 11 (17) 43 (66) 22 (33) 65 ( 31 (49) 52 (83) 11 (17) 29 (46) 34 (54) 21 (33) 42 (66) 52 (83) 11 (17) 60 (95) 3 (5) 59 ( risk of awareness 27 and administration of NMBDs requires objective neuromuscular monitoring along with appropriate administration of reversal agents to prevent residual NMB, 28 as for example reversal with sugammadex in absence of neuromuscular monitoring does not preclude residual NMB. 29 Finally, if deep NMB is used through the last suture reversal with the more costly reversal agent sugammadex is required if prolonged emergence from anaesthesia should be avoided. 30 Though statistically significant it is important to question if a difference in average surgical conditions of 0.75 on a 5 point scale is clinically meaningful. Both groups had average ratings corresponding to at least "good" (category 4) surgical conditions and even during deep NMB surgical conditions were not always optimal. This may be a reason why clinicians hesitate to administer continuous deep NMB as a standard NMB regimen as illustrated in this study offers at least "good" surgical conditions. Instead it is relevant to highlight the reduction in the occurrence of category 1 ("extremely poor"), 2 ("poor") and 3 ("acceptable") ratings. Almost half of the patients (49%) receiving standard NMB required either increased depth of anaesthesia or a bolus of NMBD as opposed to 17% of the patients receiving deep NMB.
In conclusion, during upper laparotomy deep NMB compared with a standard NMB improved surgical conditions assessed on a subjective rating scale and reduced the need for anaesthetic interventions to improve surgical conditions. Deep NMB did not influence operating time, occurrence of wound dehiscence or wound infection.
